In this paper, the influence of tensile and formability parameters on the forming limit diagram is reported and a model is created to predict the forming limit strains of various grades of aluminium sheet metals. Aluminium alloys of grades AA5052, AA6061 and AA8011 with a thickness 0.8 mm, 1.0 mm and 1.2 mm have been selected for the study. Experiments are conducted to construct the forming limit diagram (FLD) for the above mentioned sheet metals. Tensile tests were conducted to evaluate strain hardening index, strength coefficient, ductility, yield strength, ultimate tensile strength, normal anisotropy, planar anisotropy and strain rate sensitivity. The fractured surfaces of the specimens were viewed with a scanning electron microscope. Using Design of Experiments (DOE), regression modelling was done by taking the tensile properties and formability parameters as input variables and the forming limit strain as response. Regression equations were created to predict the limiting strain values at the tension-tension, plane strain and tension-compression strain states. The experimentally evaluated strain values were compared with the predicted strain values and the comparison shows good agreement of the values. The Taguchi method of optimization was used to find the optimum values for the input variables and using these optimum values, the optimum forming limit strains were found. It is found that the so created regression model predicts the FLD of various grades of sheet metals by which the tedious job of experimental determination of the FLD can be avoided.
Introduction
Aluminium alloys are indispensable as an important material in sheet metal industry because of their superior properties such as acceptable cost, low density, good mechanical properties, structural integrity and simple fabrication process. Aluminium alloys are used in the production of railcars, marine hulls, military vehicles and aircraft. Sheet metal fabrication industries require materials that do not undergo necking, wrinkling and fracture during the forming process so that dimensional accuracy is maintained. Tensile test is used to determine the mechanical properties of sheet metals. Important properties such as yield strength (Y), ultimate tensile strength (UTS), ductility (D), strain hardening index (n), strength coefficient K Subramani, S.K. Alagarsamy, Studies on Testing and Modelling of P. Chinnaiyan, S.N. Chinnaiyan Formability in Aluminium Alloy Sheets Forming (K), normal anisotropy (r) and strain rate sensitivity (m) can be determined by using the tensile test. The forming limit diagram was introduced by Keelar [10] , an extensive work was done by Goodwin [11] and the evaluation of the FLD was made simple by Hecker [12] . Strano and Colosimo [13] emphasised an approach to determine the forming limit curve based on experimental results. Their work focused on the separation of safe strains and failure strains.
In spite of such efforts to improve the experimental accuracy of determining the forming limits, it is essential to conduct a complete experimental investigation. Tigran Abovan et al. [4] created a finite element based criterion for predicting the FLD under isothermal conditions for the AA5000 series. Their findings indicate that the developed criterion predicted the forming limit for each strain path. Elangovan et al. [9] developed a model to predict the forming limit strain of perforated AA8011 alloy sheets of varying geometrical feature by using the artificial neural network. Ravikumar [14] made an attempt to correlate the crystallographic texture with the formability parameters. Korhonen [15] conducted experiments to determine the FLD along the rolling and transverse direction. They found that the measured limit strain in the case of the uniaxial tension is well predicted by the Rice-Tracey theory. Kleemola [16] concluded that the inferior press behaviour of aluminium is a result of smaller r and m values. Mahdavian [17] observed that the flat punch geometry produces cups with a better surface finish. Forming limit diagrams are used to find the major limiting strain and the minor limiting strain along the tension-tension, plane strain and tension-compression regions [5] . It helps to identify the limit up to which sheet metals can be formed.
Many investigations have been reported on the sheet metal formability. However, a combined study of the construction of a FLD, the prediction of a FLD using a model and the optimization of influencing variables has not yet been carried out. The present investigation has been undertaken with the aim of establishing the forming limit diagram of three grades of aluminium sheet metals, namely AA5052, AA6061 and AA8011. This paper has attempted to create a model using the Taguchi method of DOE to predict the FLD of these grades of aluminium sheet metals and the model is compared with the experimentally evaluated forming limit strains. Also, the Taguchi method of optimization is used to identify optimum values for the formability parameters by which the optimum level of the strain rate can be predicted.
Experimental procedure

Material
The sheet metals chosen for this study are aluminium alloys AA5052, AA6061 and AA8011 with three different thicknesses of 1.2 mm, 1.0 mm and 0.8 mm. Commercially available sheets of AA5052, AA6061 and AA8011 of 2 mm were procured and their chemical composition is shown in Table 1 . These sheets were subjected to cold rolling to get 1.2 mm, 1 mm and 0.8 mm thick sheets. Cold rolling was carried out at room temperature as it improves surface finish and shows high tolerance to the flatness of the sheet metals.
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Chemical composition and microstructure
Specimens were cut out from all the sheets and were subjected to a metallographic examination. The microstructure of the three sheets is shown in Figure 1 . In AA5052, the main alloying element is magnesium and in AA6061, the main alloying elements are magnesium and silicon. The concentration of magnesium in AA5052, AA6061 and AA8011 is 2.77, 1.16 and 0.026 per cent, respectively. The strength of aluminium alloy is increased by adding magnesium to aluminium without affecting ductility. This also results in better corrosion resistance and weldability. In the case of AA8011 and AA6061, the concentration of manganese is high, which increases strength, since strength decreases at lower magnesium levels. The most common impurity present in aluminium is iron. During the production of aluminium alloys, Fe readily dissolves in all molten stages as it has high solubility in molten aluminium. The silicon concentration is high in AA8011 when compared to AA5052 and AA6061. Silicon improves corrosion resistance and fluidity of the molten alloy. In AA8011, the main alloying element is lithium. It has lower density and can be added to aluminium in sufficient quantities resulting in low density and it also exhibits higher stiffness.
The microstructure of AA5052, AA6061 and AA8011 with a thickness of 0.8 mm, 1 mm and 1.2 mm shows cold work and grains in the elongated state. Recrystallization has not taken place throughout the microstructure. The microstructure of AA5052 shows smaller amounts of intermetallics. The AA6061 microstructure shows a congruent phase with evenly distributed Mg 2 Si. The AA8011 microstructure shows uniformly distributed intermetallic CaAl 4 and CaSi 2 .
Tensile Test
The test specimens for the tensile test were prepared as per ASTM E8/E8M -13 Standards. They were cut by Concord wire cut EDM and one specimen is shown in Figure 2 . The specimens were prepared by cutting the chosen sheet metal in three different directions, namely at 0° (parallel), 45° (diagonal) and 90° (perpendicular) to the rolling direction [3] . The tensile test was performed on these specimens in 50 KN Tinius Olsen Universal Testing Machine with a strain rate of 1 mm/min. Load versus extension data are obtained. Formability is a system characteristic which depends on material quality, chemical composition, thickness, strain hardening exponent, strength coefficient, ductility, normal anisotropy, planar anisotropy, and strain rate sensitivity. Using the tensile test, yield strength, ultimate tensile strength, ductility, true stress and true strain are determined along 0°, 45° and 90° to the rolling direction. Using the stress-strain curve of the tensile tests, the strength coefficient and the strain hardening exponent are determined along 0°, 45° and 90° to the rolling direction. The results of the tensile test are given in Table 2 . The width and the thickness of the tensile samples were measured by using a digital Vernier caliper with an accuracy of 0.02 mm. The plastic strain ratio is calculated by using expression 1,
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Average values of the strain hardening exponent (n av ), the strength coefficient (K av ), and normal anisotropy (r av ) are calculated from the n, K and r values obtained along 0°, 45° and 90° to the rolling direction using the expressions given below as in [2] .
Planar anisotropy (∆r) is calculated using the following expression
Strain rate sensitivity is calculated by conducting a tensile test using the specimens prepared as per ASME E51 standards from the sheet metals using a wire cut EDM along 0°, 45° and 90° to the rolling direction.
The formability parameters obtained from the tensile test for AA5052, AA6061 and AA8011 with a thickness of 0.8mm, 1mm and 1.2mm are given in Table 3 . 
Forming limit diagram (FLD)
A typical die and punch set up was designed as shown in Figure 3 and was used in a hydraulic press with double action having a capacity of 30 ton to determine the formability of aluminium sheets. Specimens were sheared from the aluminium sheet metals AA5052, AA6061 and AA8011 with a thickness of 0.8 mm, 1.0 mm, and 1.2 mm. Specimen sizes were 110×110 mm, 110×100 mm, 110×90 mm, 110×80 mm, 110×70 mm, 110×60 mm, 110×50 mm, 110×40 mm, 110×30 mm and 110×20 mm. All the samples were laser marked with circles 2 mm in diameter in a rectangular array and were formed up to the point of fracture using the hydraulic press. Sheet specimens were subjected to different states of strain namely tensiontension, plane strain and tension-compression because of the varying width. During formation, the circles were distorted to ellipses. A travelling microscope (Vernier type) with an accuracy of 0.01 mm was used to measure dimensions of the ellipses. The true major strain and the true minor strain were calculated using the formulae as in [2] ,
True minor strain = ln (Final D minor/ original diameter)
The true major strain and the true minor strain were measured in the necked region, the fractured region and the safe region. The forming limit diagram was drawn using the true minor strain on abscissa and the true major strain on the ordinate. The safe region was identified by drawing a curve using the strain values obtained in the necked region. The strain states above the curve represent failure. The strain states below the curve represent the safe region. The FLD for the 1.2 mm thick AA5052 is shown in Figure 4 . 
Fractography
A Scanning Electron Microscope (SEM) was used to explore the type of fracture in the various grades of sheet metals as shown in Figure 5 . Specimens were prepared by cutting the region very close to the origin of fracture. The fracture characteristics were studied to identify the nature of fracture. In addition, the relationship between characteristics and formability was analyzed. 
Modelling the formability
Modelling is essential for any experimental and theoretical calculation aiming to improve the quality of results. Design matrix for modelling was selected using Design of Experiment (DOE). The modelling was done using the Taguchi method which helps in reducing the number of experiments. The statistical analysis was done using the Minitab 14 software which uses the Taguchi approach. In the present formability analysis, seven operating parameters, i.e. n, m, r, D, K, Y and UTS were each selected at three levels to evaluate the forming limit strain. Using DOE, L 27 orthogonal arrays were constructed. The significance of interaction terms was evaluated using L 27 OA. The experimental forming limit strain was used as a response variable. The Taguchi analysis leads to the prediction of the forming limit strain. The percentage error between the experimentally evaluated forming K 
Formability in Aluminium Alloy Sheets Forming strain and the forming strain predicted by the model is shown in Table 4 . A general regression for the model was performed using the Minitab software. The least square method was used in this study which minimizes the sum of squared residuals to derive the equation. The regression equation created by the Taguchi analysis for the minor strain at the tension-tension strain state of the 0.8 mm thick AA6061 is given below, which predicts the strain value.
Regression equation 
Optimization of formability
The optimization was done using the Taguchi method. In this method, the main effect plots indicate the influencing parameters on the forming limit strains. The mean of means obtained by the Taguchi analysis is a plot of the response and the input variables. From the plots, the optimum level is identified. By using this optimum level for each parameter, the optimized value for the forming limit strain is given by the mean value. The minor strain in the tension-tension strain state for the 0.8 mm thick AA6061 is 0.1740 and was determined experimentally. For the same sheet in the same strain state, the optimum minor strain is 0.1774.
Results and Discussion
Chemical composition and microstructure
In AA6061, the concentrations of Mg, Mn, Si and Fe are moderate when compared to other grades of aluminium sheet metals. The presence of medium sized grains to slightly larger grains of Mg 2 Si as well as excellent grain orientation and congruent phase lead to good formability. In AA5052, the concentration of magnesium is high and the concentrations of Mn, Si and Fe are low when compared to other grades of aluminium sheet metals. The presence of a larger grain size, favourable grain orientation and fewer amounts of intermetallics lead to good formability. In AA8011, the concentration of Mg is low and the concentrations of Mn, Si and Fe are high when compared to other grades of aluminium sheet metals. The presence of smaller grains, favourable grain orientation and the presence of intermetallics CaAl 4 and CaSi 2 lead to moderate formability.
Tensile properties and limiting strain
In the 0.8 mm thick AA5052, the limiting major strain is 21.5%, for a limiting minor strain of 15%. The limiting major strain is 1.57 times the n value. The 1 mm thick AA5052 has a limiting major strain of 16%, which is 1.78 times the n value. The 1.2 mm thick AA5052 has a limiting major strain of 21.3%, which is 1.72 times the n value. In the 0.8 mm thick AA6061, the limiting major strain is 18.1%, for a limiting minor strain of 15%. The K Subramani, S.K. Alagarsamy, Studies on Testing and Modelling of P. Chinnaiyan, S.N. Chinnaiyan Formability in Aluminium Alloy Sheets Forming limiting major strain is 1.62 times the n value. The 1 mm thick AA6061 has a limiting major strain of 21.1%, which is 1.72 times the n value. The 1.2 mm thick AA6061 has a limiting major strain of 23.5%, which is 1.6 times the n value. In the 0.8 mm thick AA8011, the limiting major strain is 14.6% for a limiting minor strain of 15%. The limiting major strain is 1.8 times the n value. The 1 mm thick AA8011 has a limiting major strain of 18.2%, which is 1.77 times the n value. In the 1.2 mm thick AA8011, the limiting major strain is 16.13%, which is 2 times the n value. The 1 mm thick AA5052 has a lower n value which results in lower formability. The 0.8 mm and 1.2 mm thick AA5052 specimens have a higher n value which results in better formability. In AA6061, as the sheet thickness increases, the n value increases. The increase in the n value results in better formability. The 0.8 mm and 1.2 mm thick AA8011 specimens have a lower n value which results in lower formability. The 1 mm thick AA8011 has a higher n value which results in better formability. In general, it can be said that for all the aluminium sheet metals that as the n value increases the limiting strain also increases in the tensiontension strain state as reported in [14] . The strain hardening index is a parameter which shows the ability of sheet metals to be stretched and drawn as described in [7] . Higher n value infers higher drawability. The 1.2 mm thick AA6061 sheet metal has the highest average n value among all the nine sheet metal specimens, which results in the highest limiting strain in the tension-tension strain state. For this sheet, the UTS and the K value are higher along the rolling direction and yield strength is higher along 45 0 to the rolling direction.
Formability parameters and limiting strain
The important formability parameters such as normal anisotropy (r) and planar anisotropy (∆r) determined by the tensile test are presented in Table 3 . The 1 mm thick AA5052 has a lower r value which results in lower formability. The 0.8 mm and 1.2 mm thick AA5052 have higher r values which results in better formability. In AA6061, as the sheet thickness increases, the r value increases. The increase in the r value results in better formability. The 0.8 mm and 1.2 mm thick AA8011 have lower r values which results in lower formability. The 1 mm thick AA8011 has a higher r value which results in better formability. The 1 mm thick AA8011 sheet metal has the highest r value among the nine sheet metals and it possesses the highest limiting strain in the tension-compression strain state. This implies that as the r value increases, the limiting strain also increases in the tension-compression strain state as reported in [1] . Sheet metal with a high r value has high drawability as it shows good resistance to thinning in the thickness direction during forming as presented in [3] . Planar anisotropy (Δr) is low for all the sheet metals studied and it is very low for the 1.2 mm thick AA5052 sheet metal. This shows that the earing tendency decreases during the drawing process for all the sheet metals, since the earing during deep drawing is related to planar anisotropy as presented in [1] 
Fractography
The SEM images of all the sheet samples show a similar type of features like voids, dimples and cavities but with variation in size and shapes. In AA6061, the average void size is 5.49 µm. The presence of bigger size voids and a large number of voids indicate the ductile type of fracture resulting in good formability. For example, the limiting major strain at a minor strain of 15% is 23.5%. In the case of AA5052, whose formability is slightly lower than that in AA6061, the average void size is 5.38 µm and it shows a limiting major strain of 21.5% at a minor strain of 15%.. In the case of AA8011, whose formability is lower than that in AA5052 and AA6061, the average void size is 4.16 µm and it shows a limiting major strain of 18.2% at a minor strain of 15%. The average void size and the formability measured for these sheets are in good correlation. Studies 
Modelling and optimization
The percentage variations between the experimental strain and the model predicted strain and the optimized strain for different strain states are shown in Table 6 . In the AA5052 sheet metal of 0.8 mm, 1 mm and 1.2 mm in thickness, the percentage error varies from 1.23 to 8.01, 0.62 to 5.46 and 0.43 to 4.7, respectively, in different strain states. In the AA6061 sheet metals of 0.8 mm, 1 mm and 1.2 mm in thickness, the percentage error varies from 2.21 to 4.5, 0.52 to 5.35 and 1.29 to 4.91, respectively, in different strain states. In the AA8011 sheet metals of 0.8 mm, 1 mm and 1.2 mm in thickness, the percentage error varies from 0.74 to 9.23, 2.58 to 6.77 and 0.85 to 5.8, respectively, in different strain states. Twenty % of all sheets included in the study have a percentage error less than 1, 30% of sheets have a percentage error between 1 and 3, 37% of sheets have a percentage error between 3 and 5, and 13% of sheets have a percentage error between 5 and 10. This shows that a total of 87% of sheets have an error less than 5%, which indicates that the experimental values and the model predicted values are in good agreement. The strain values obtained from the optimization are slightly higher than the experimental and the model predicted values. This shows that the forming limit increases in all sheet metals when the Taguchi method of optimization is incorporated into various grades of sheet metals.
The correlation between the experimentally evaluated forming limit strains and the model predicted forming limit strains for the various grades of sheet metals with different thicknesses are shown in Figure 7 . It is found that the experimental FLD and the model predicted FLD are almost in line with each other. 
Conclusions
The chemical composition of the studied sheet metals reveals that high Mg concentration and low Mn, Si and Fe concentrations result in better formability and the microstructure shows that the presence of larger grain size results in good formability. The tensile test results show that the ductility range lies between 5% and 7.25% for the various grades of aluminium sheet metals, which suggests that high stretchability is possible. The average n values and k values of these sheet metals are higher, which results in better formability. The planar anisotropy (∆r) values of all the sheets are low, which indicates that earing is low. The SEM images show shallow dimples and deep voids with ductile types of fractures. The results also show that the 1.2 mm thick AA6061 has the highest major limiting strain at a particular minor strain for the tension-tension, plane strain and tension-compression strain states; therefore, the workability range of this sheet metal is good. The regression model equations in different strain conditions are constructed and the forming limit strain is predicted, which is in good agreement with the experimentally evaluated forming limit strain. The Taguchi analysis carried out in this study shows the optimum forming limit strain, and it is observed that the strain hardening index and normal anisotropy are the most influencing factors in determining the forming limit strains. It is also concluded that the optimization of formability results in a better forming limit of various grades of sheet metals. Finally, the forming limit of a particular sheet metal can be predicted by applying the tensile test factors on the corresponding regression model equations, by which the experimental determination of the FLD can be avoided. 
